The Tat protein of human immunodeficiency virus type 1 enhances transcription by binding to a specific RNA element on nascent viral transcripts. Binding is mediated by a 10-amino acid basic domain that is rich in arginin and lysines. Here we report the three-dimensional peptide backbone structure of a biologically active 25-mer peptide that contains the human immunodeficiency virus type 1 Tat basic domain linked to the core regulatory domain of another lentiviral Tat-i.e., that from equine infectious anemia virus. Circular dichroism and two-dimensional proton NMR studies of this hybrid peptide indicate that the Tat basic domain forms a stable a-helix, whereas the adjacent regulatory sequence is mostly in extended form. These findings suggest that the tendency to form stable a-helices may be a common property of arginine-and lysine-rich RNA-binding domains.
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Human immunodeficiency virus type 1 (HIV-1), like other lentiviruses, encodes a trans-activating regulatory protein, called Tat, that is needed for efficient transcription of the viral genome (1) . HIV-1 Tat acts by binding to an RNA stem-loop structure, the trans-activation response element (TAR), found at the 5' ends of all nascent HIV-1 transcripts. When bound to TAR, Tat alters the properties of the transcription complex, enhancing transcriptional initiation and processivity so that production of full-length viral RNA markedly increases (2) (3) (4) . The minimal sequences in HIV-1 Tat that can mediate specific TAR binding in vitro have been mapped to a 10-amino acid region (residues 48-57) called the basic domain, composed almost entirely of arginines and lysines (5) . Regulatory activity also requires the N-terminal 47 residues ofTat, which can interact with components ofthe transcription complex and function as a transcriptional activation domain (6) (7) (8) (9) .
Tat is indispensable for HIV-1 replication, making it an attractive target for antiviral drug development. Efforts to design or optimize inhibitors of HIV-1 Tat would be aided by knowledge of its three-dimensional structure, particularly of those peptide regions most critical for function. However, no detailed structural information has yet been reported for this protein. As (10) and total coherence transfer (TOCSY) (11, 12) spectra were collected on a 600-MHz NMR spectrometer (Varian Unity 600). All experiments were done at 15'C. Two-dimensional NOE spectra were recorded at mixing times of 100, 150, and 250 ms, with a spectral width of 7000.4 Hz, 512 transients, and 2000 data points in the t2 dimension. Data were processed on a Sun Microsystems (Mountain View, CA) Sparcstation using locally written NMR processing software packages (STRIKER version 1.1.1
and SPARKY version 2.0.4). During processing, data were multiplied by a phase-shifted sine-squared function and were zero-filled in both dimensions to achieve a final 2000 x 2000 spectrum. Sequence-specific assignments were obtained much as described by Wuthrich (13 10) . Elements from the resulting ensembles of conformations that exceeded the cut-off target function value of 1.5 at level 8 were not accepted for further analysis. A total of500 structures were generated. The final ensemble discussed in this report was composed of the 27 structures with the lowest values of final target function and the lowest distance constraint violations.
RESULTS
As depicted in Fig. 1A , the peptide we examined consisted of the 15-amino acid minimal-activation domain of EIAV Tat linked through its C terminus to the 10-residue basic domain from HIV-1 Tat. CD spectra were obtained for this peptide over the wavelength range of 184-260 nm at a concentration of 113 ,uM and under various salt concentrations (0-100 mM NaCI) and temperatures (5-35°C) at pH 3.5-3.6. CD analysis of the Tat peptide (113 AM) was also done at pH 7.2 at 230C with no added salt. Under all of these conditions, the spectra exhibited two minima (see Fig. 1B ), one centered'at ;222 nm and another at -208 nm. These features suggest the presence of a-helical structure (17) (18) (19) . Quantitation of the degree of helicity from these spectra is compromised by the two tyrosines in our sequence because tyrosine shows a positive band at -225 nm (17) . Therefore, only a qualitative estimate of a-helical content can be obtained (20) . The CD spectra suggest that approximately half of the peptide has a-helical character in aqueous solution, being similar at pH 3.5 or pH 7.2. Addition of 20%6 (vol/vol) trifluoroethanol to the solution enhanced the a-helical characteristics (spectra not shown).
Analysis of two-dimensional total coherence transfer spectroscopy spectra from the peptide enabled us to identify the spin networks corresponding to each of the 25 amino acid residues, beginning with the distinctive signals from I13. From this starting point, inter-residue peaks involving CaH and NH protons in the fingerprint region of the twodimensional NOE spectra ( Fig. 2A) provided a sequential walk in both directions along the rest of the peptide backbone. Sequential dNNi(i + 1) cross-peaks (Fig. 2B) were identified from residues Q4 to S10 and from Lii to K18. Due to almost complete overlap of resonances from K18 and K19 with R20, dNNi(i + 1) cross-peaks could not be observed for these residues. Additional dNNi(i + 1) connectivities could be traced from residues R20-R23 but could not be traced between R23 and R24 due to signal overlap. A weak NH-NH cross-peak was visible in 250-ms two-dimensional NOE spectra for residues R24 and R25.
The assignments of side-chain proton resonances were mainly achieved by using either backbone amide-to-sidechain or CaH-to-side-chain cross-peaks. Resonances ward bar in the graph of Fig. 3 . This result strongly suggests
We then estimated upper bounds on interproton distances that the HIV-1-derived portion of the peptide has a stable corresponding to each of the two-dimensional NOE crossa-helical structure, which likely accounts for the partial peaks (vide supra) and used these to determine the threehelical character seen in the CD spectra.
dimensional structure of the peptide backbone through dis- tance-geometry calculations. This approach yielded an ensemble of 27 highly convergent structures, which are shown superimposed in Fig. 4 . All coincide closely with one another, indicating that residues 14-25 are a-helical and that residues 1-13 are in a relatively extended conformation with a tendency for turn formation, so that the peptide is roughly L-shaped overall. The global folding topology of the peptide structures resulting from distance-geometry calculations was in excellent agreement with our experimental constraints. It should be noted that we have observed specific mediumlong-range NOEs in our NMR data that account for the relative orientation of C and N termini and also lead to the A 1) surprisingly well-defined structure of the extended loop region. For example, NOEs between the backbone amide proton of Q4 and CaH of D14, between CaH of G12 and the D14 amide proton, and also between residue Y1 to residues F7 and L8 were observed. In conjunction with these, amideamide contacts between residues C6 and G12 and also several i -(i + 3) contacts in the N-terminal region of the peptide were apparent. For any of the distance-geometry structures, only six to seven NMR constraints were violated by >0. 25 A, and no individual constraint was consistently violated in the whole structure ensemble. Global backbone pairwise atomic root-mean-squared deviation for the 27 best-converged structures was 0.37 A. The pairwise root-mean-squared deviation value in the helical portion of the peptide (residues [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] was 0.21 A.
DISCUSSION
We have used two-dimensional NMR spectroscopy in concert with distance geometry to determine the backbone solution structure of a peptide consisting of the EIAV Tat core domain fused to the RNA-binding basic domain of HIV-1 Tat. The EIAV sequence in this peptide is similar to its HIV-1 counterpart, so the peptide as a whole bears a resemblance to residues 32-57 of HIV-1 Tat (Fig. 1A) . Hence, its structure may well approximate that of a significant portion of the native HIV-1 protein. Unlike the corresponding HIV-1 sequence, however, the hybrid peptide has been reported to be biologically active (8) . Consequently, it may offer a uniquely tractable model for studying the structural requirements for both TAR binding and transcriptional regulation by Tat. The backbone structure of the peptide is depicted in Fig. 4 A and B. The most notable feature of the structure is an a-helix formed by residues 14-25, a region that encompasses the entire HIV-1 basic domain and whose sequence differs at only one position from residues 44-57 of HIV-1 Tat. It is this region that mediates specific HIV-1 TAR recognition by both the peptide and Tat protein (5, 8) . The EIAV activation sequence at the N-terminal end of the peptide has a relatively extended structure, but it is best represented by a loose reverse turn whose long axis is disposed roughly perpendicularly to that of the helix, imparting an overall L-shaped conformation to the peptide.
The results we obtained from CD spectroscopy, NMR chemical-shift index, and distance-geometry calculations all support the view that the basic domain in the hybrid peptide forms an a-helix, at least under the conditions we studied. It appears unlikely that the helicity is imposed on this region by the adjacent nonhelical EIAV sequence. However, it is possible that the EIAV sequence stabilizes the helix. This stabilization may be aided, for example, by an aspartate residue at position 14 (24) ; shorter basic-region peptides were reported to be unstructured in the absence of ligand but to acquire an undetermined structure upon binding TAR (25) .
Our data do not address the possible role that helicity might play in defining the affinity and specificity with which Tat binds to TAR. However, chemical footprinting and NMRbased modeling studies suggest that the primary Tat-binding site lies within a wide major groove induced by local distortion of the double-stranded stem in TAR RNA (26, 27) ; such a cleft could be of sufficient width to accommodate the putative basic helix of Tat. This suggests a model in which HIV-1 Tat binds its target by inserting the positively charged recognition helix into the RNA major groove, in a manner resembling that used by many DNA-binding proteins (28) .
HIV-1 Tat is one of several RNA-binding proteins whose recognition domains include 10-to 15-amino acid sequences rich in arginines and lysines (29, 30) . Virtually all lentiviral Tat, Rev, or Rex proteins are of this type, as are the bacteriophage N proteins. The basic domain in each of these proteins appears critical for RNA binding. Recently, short peptides representing the basic domain from HIV-1 Rev were found to have a strong propensity for a-helix formation, as judged by CD, and helicity correlated strongly with their ability to bind the specific Rev target RNA (31, 34) . NMR studies of the EIAV Tat protein further suggest that the basic domain in this protein, too, has a helical conformation (22, 32) . Together with our findings, these results suggest that the tendency for helix formation may be an attribute shared by many basic RNA-binding domains. It remains to be determined whether and how this conformation changes as a consequence of specific RNA binding (33) .
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